ABSTRACf: Sorption techniques have been employed for monitoring progress in the hydrothermal crystallization of synthetic MFI-type gallosilicate from a (TEBA)p-Nap-Gap,-Si0 2-Hp system at 453 K. The samples obtained at different stages in the crystallization process were also examined by other conventional techniques such as XRD, IR, TGIDTA, N 2 adsorption and chemical analysis. The influence of the crystallinity on the BET surface area and on the micropore void volume was examined using low-temperature nitrogen adsorption. The sorption uptake behaviour was studied on samples of varying crystallinity using different sorbate probe molecules such as water, n-hexane and cyclohexane. The amount of sorbate uptake was found to be sensitive to the crystallinity of the sample and the characteristics of the probe molecules employed. The crystallinity as estimated by XRD methods has been compared with that obtained by sorption uptake using different probe molecules.In comparison to other sorbates, the uptake of n-hexane was found to yield a more realistic estimation of the degree of crystallization of the intermediate phases. The crystallinity evaluated from the uptake of n-hexane was found to be in close agreement with that estimated by XRD methods as compared to the crystallinity evaluated using other conventional techniques. The correlation between the crystallinity obtained by sorption measurements and by other methods such as XRD, IR, TGIDTAand N 2 adsorption was discussed and compared.
INTRODUCTION
Hydrothermal syntheses (Awate et al. 1992; Kulkarni et al. 1982; Erdem and Sand 1979; Argauer and Landolt 1972) , physicochemical characterization (Awate et al. 1999a; Meisel et al. 1977; Barrer 1982) and potential catalytic applications (Awate et al. 1999b; Chang and Silvestri 1977; Gabelica et al. 1984) of isomorphously substituted MFI-type molecular sieves have already been documented abundantly in the literature. Since the active surface of the molecular sieve is located within the crystal1ine structure and not just on the external surface of the crystal, adequate information regarding the degree of crystal1inity is of the prime necessity. Knowledge of the sorption characteristics are often helpful in understanding the pore structure, the void volume and probable catalytic behaviour of molecular sieves. The adsorption properties of such materials can also provide information about their crystallinity as well.
The extent to which a particular type of zeolite crystallizes during hydrothermal synthesis depends mainly on the composition of the reactive gel, the temperature and the time period for which *Author to whom all correspondence should be addressed. crystallization is conducted. Powder X-ray diffraction is the most commonly used technique for estimation of the crystallinity as well as for the quality control of phase purity during hydrothermal syntheses. Although the influence of the nature and concentration of framework cations and of the type of adsorbates on the sorption properties has been reported on fully crystalline zeolites (Awate et al. 1993; Joshi et al. , 1994 Choudhary et al. 1990) , almost no reports exist on the use of sorption techniques for monitoring the progressive hydrothermal crystallization of non-aluminosilicates with the MFI structure having exclusively gallium and silicon as the framework cations.
In this paper, we report the use of sorption techniques for monitoring the hydrothermal crystallization of a non-aluminosilicate molecular sieve with a zeolite structure of the ZSM-5 type, viz. MFI gallosilicate. The crystallinity obtained by sorption measurement has been related to that determined by other conventional techniques such as XRD, IR, TGIDTA and N, adsorption.
EXPERIMENTAL Materials
The reactants used for the synthesis of the MFI-framework gallosilicates were aqueous sodium silicate (28.0% SiO z ' 8.4% Nap), gallium sulphate (>98%), sulphuric acid, triethyl-n-butylammonium bromide (TEBA-Br) and deionized water. A reactive synthetic gallosilicate gel was prepared using appropriate quantities of (TEBA)P, Nap, Ga.O; SiO z and Hp. The detailed procedure followed to prepare the reactive hydrogel was similar to that developed previously (Joshi et al. 1990 ) except that a gallium source was used instead of an aluminium source to prepare the gel mixture. The homogeneous gel obtained was autoclaved and crystallized at 453 K under static conditions and autogeneous pressure for various lengths of time ranging from 0 h to 32 h. To follow the course of the crystallization process, the latter was stopped at various time intervals. Thus. sampling of the batch was carried out by conducting the crystallization process in a series of 300 ml capacity vessels charged with a reaction mass wherein the gel composition and the nature and quantities of the raw materials were essentially the same. This method was employed in the present studies so as to avoid perturbation of the system and to provide a good representation of the crystallizing system at various points during the hydrothermal process. The time at which the autoclave attained a temperature of 453 K (as sensed via a thermocouple inserted into the thermowell of the autoclave) was taken as the zero point in the process. The solid products obtained after suction filtration were washed thoroughly and dried in an air oven at 383 K for 6 h. These as-synthesized forms (CIN) of the samples were then further calcined at 823 K for 6 h in an air oven to drive off the organic template. Such calcined samples (in the Na form) were then converted into the protonic form (H form) by conducting three successive ion-exchange treatments with fresh 5% ammonium nitrate (15 ml/g of sample) followed by calcination at 623 K for 6 h. Doubly-distilled water, high purity nitrogen and hydrocarbons (99.9% purity) such as n-hexane and cyclohexane purified over activated 3A molecular sieves were used for the sorption measurements.
Methods
The products obtained at different stages in the progressive hydrothermal crystallization process were analyzed by powder X-Ray diffraction (XRD) methods in both a qualitative and quantitative manner employing a Rigaku DIMAX-III VC diffractometer with nickel-filtered Cu Kn radiation (A. =1.5406 A) for such analyses. The powder XRD patterns were collected over the 29 range from 5°to 50°. After background subtraction, the degree of crystallinity of the MFI gallosilicates was estimated (Chao et al. 1981) by taking the percentage ratio of the integrated area under the peaks between 29 =22°and 25°for the test sample obtained to that for the sample obtained after 32 h treatment which was taken as being both pure and crystalline. The chemical composition of the calcined products (in the Na form) was obtained from wet gravimetric methods combined with atomic absorption spectroscopy (employing a Hitachi-Z 8000 spectrometer). The sample designation, crystallization time, % crystallinity as measured by XRD methods and the results of the chemical analyses of selected samples studied are all listed in Table 1 .
The framework IR spectra of the samples (in the Na form) were recorded over the frequency range 400-1200 em:' on a Pye-Unicam SP-300 spectrometer using the Nujol mull technique. The extent of crystallization was estimated according to the method of Jansen et al. (1984) using IR spectroscopic methods for comparing the values of the optical density ratios (area under the peak at 550 cmt/area under the peak at 450 em") for the test sample relative to that for the sample obtained after crystallization for 32 h (both samples being in their Na forms). TGIDTA data were obtained using a Netzsch model STA-409 automatic derivatograph and employing preheated and finely powdered a-alumina as the reference material.
Surface area measurements were carried out by low-temperature (77 K) nitrogen sorption using a conventional all-glass BET unit (Awate 1993). Sorption uptake measurements of probes such as water, n-hexane and cyclohexane were carried out on an all-glass gravimetric high-vacuum adsorption system using a silica spring balance of the McBain-Bakr type (sensitivity == 50 crn/g) and employing ca. 70 mg of the sample in the H-form as pellets. The balance case of the apparatus containing the sample was enclosed in a thermostatic arrangement whose temperature was maintained to within ± 1 K by means of an Aplab temperature controller. Prior to each sorption measurement, the sample was degassed at 673 K for 4 h at ca. l~Torr, the temperature of the sample being raised at a heating rate of 2 Klmin with simultaneous evacuation. After this procedure. the sample was cooled in vacuum to 298 K and maintained at this temperature for 2 h before commencement of the sorption measurements. Sorbate vapour was then contacted with the sample at a relative pressure of 0.8 for 2 h at 298 K to determine the amount sorbed. The same sample was then re-activated by degassing under vacuum as described above before measuring the sorption uptake with another sorbate probe. The water sorption uptakes were all measured after the completion of measurements using hydrocarbon probes on each sample. Powder X-ray diffractograms were recorded for each sample before and after the sorption measurements to confirm whether any structural damage had occurred. The crystallinities of the phases obtained during progressive crystallization were estimated from the sorption measurements by comparing the sorption uptake obtained using any probe in association with the test sample to the sorption uptake using the same probe with the reference sample. The sample which was obtained after crystallization for 32 h which was shown to exhibit no contribution due to amorphous and/or any other impurity phase(s) as identified by XRD methods was taken as the reference sample. The % crystallinity of the test sample using the sorption data was evaluated as the percentage ratio of the uptake (mmollg) of the probe sorbate by the test sample to the uptake (mmollg) of the same probe sorbate by the reference sample.
RESULTS AND DISCUSSION
In order to investigate the kinetic features of the hydrothermal crystallization process, various synthesis runs were carried out under the same set of conditions except for the crystallization time. A list of selected samples (chosen on the basis of differences in the % crystallinity) is given in Table I .
Conventional techniques

Powder X-ray diffraction (XRD) methods
The progress of crystallization as a function of time was investigated, the X-ray diffractograms of samples obtained under isothermal crystallization conditions at different stages of the crystallization process being presented in Figure 1 . It will be seen that up to a crystallization time of 8 h the XRD profile showed no appearance of characteristics peaks due to either the MFI phase or to any other phase(s). Thus the product collected after crystallization for this time length was confirmed as being 100% XRD amorphous. It can be clearly seen from Figure I that the characteristic peaks for the MFI phase start appearing after 8 h (profile labelled I) with the pure, fully crystalline phase (Argauer and Landolt 1972) being obtained after crystallization for 32 h (profile labelled 5) in the present studies. The SiO/Gap, mole ratio in the fully amorphous sample obtained after crystallization for 8 h was found to be 78.31 which is lower than that for the initial reactive gel (85) and more or less similar to that for the most crystalline and pure MFI phase obtained (77). Chemical analysis of the products demonstrated virtually no change in the gallium content in the solid phases irrespective of the crystallization time. When the chemical compositions of the intermediate phases as tabulated in Table I were compared with their powder X-ray diffraction patterns as illustrated in Figure 1 , it appeared as if progressive depletion of the silicon species was accompanied by the incorporation of some of the silicon from the amorphous disordered gel phase into the MFI framework during progressive crystallization. However, the Nap/Gap, mole ratio was found to decrease with increasing crystallinity, suggesting that more and more TEBA+ cations were incorporated during crystallization because of their templating and framework charge compensating roles.
X-Ray power diffraction is one of the more important techniques used to identify zeolite structures (Kulkarni et al. 1982) , their purity, % crystallinity, their unit cell parameters (Breck 1964) and crystalline size, and also for understanding the kinetics and mechanism of crystallization (Erdem and Sand 1979; von.Balmoos 1984) . Since the powder pattern provides a fingerprint of the individual zeolite structure, the % crystallinity and phase purity of the synthesized catalyst may be compared with that of the reference catalyst. The degree of crystallinity of an MFI-type molecular sieve can be defined as the relative content of that phase in the product obtained. The most frequently used method for determining the degree of crystallinity of an MFI-type molecular sieve is X-ray powder diffraction. However, an identical chemical nature and degree of hydration are factors which are almost completely neglected during the estimation of the degree of crystalIinity. In addition. some particular properties such as the size and shape of the crystals, their dispersion and homogeneity, as wel1 as the dominant orientations are other factors which have been shown to influence the X-ray powder diffraction profile and hence the evaluation of the degree of crystalIinity.
The crystallinity as evaluated by XRD techniques showed no change irrespective ofthe forms (assynthesized and modified) studied. Figure 2 illustrates the progressive hydrothermal crystallization of the gallosilicate phase with an MFI topology as a function of the crystallization time. The curve depicted exhibits a sigmoidal shape indicating distinct induction and crystallization stages associated with the formation of crystal1ization centres or nuclei and fol1owedby the rapid formation of the crystalline structure. The rate of conversion of the amorphous phase into an ordered gallosilicate with an MFI structure was found to attain a maximum value in the % crystallinity range of 20--80%. This value subsequently decreased as the crystallization process approached completion as indio cated by the 100% crystalline nature of the product obtained after a crystalIization time of 32 h. 
Framework IR spectral analyses
The mid-infrared region of the zeolite spectrum contains fundamental vibrations for the Si(Al)04 groupings. Absorptions near to 1100, 700 and 450 cnr' have been assigned to the vibrations of the Si(Al)04 tetrahedra (Flanigen et at. 1971) and are also seen in the IR spectra of silica and quartz. The strongest absorption band at ca. 1100 em:' is related to the internal asymmetric stretching vibration of the T-0 bond. It has also been reported (Jacobs et al. 1981; Coudurier et al. 1982) that the sensitive band at 550 em:' in the pentasil spectrum is due to the presence of double fivemembered ring blocks of the 5-5 type.
The most likely impurity in the gallosilicate product obtained in the present studies was amorphous silica which has an absorption band at 450 em:' due to T-0 bending. However, amorphous silica does not exhibit a band at 550 em:' in its IR spectrum. In the present studies, the IR crystallinity was derived by taking the fully crystalline sample as the reference material. Figure 3 shows the framework IR spectra (over the 400-1200 em:' range) for MFI gallosilicate samples of different crystallinity obtained at 453 K for progressively increasing crystallization periods. The increase in the optical density ratio as a function of the crystallization time observed indicates an increase in the concentration of the MFI phase in the product. A comparison between the variation in the percentage crystallinity as evaluated by IR techniques and via sorption methods employing n-hexane as the sorbate for the MFI gallosilicate zeolites obtained after different synthesis times is given below.
TG/DTA analyses
The gallosilicates synthesized were also studied by thermogravimetric methods in which both the weight loss and the magnitude of the corresponding thermal effects were utilized to characterize This figure demonstrates the existence of three distinct weight loss zones over the temperature ranges 434-647 K, 647-699 K and 699-834 K, respectively. The first step, which is endothermic, may be attributed to the removal of physically sorbed water with almost all the water being lost over a narrow temperature interval. The other two steps are both exothermic and may be related to the oxidative decomposition of organic material occluded during the crystallization process. This is consistent with the characteristic two-step exotherm observed for the Al analogue of the MFI framework zeolite (Derouane et al. 1981) . The low-temperature (705 K) peak is believed to be due to the decomposition of loosely held TEBA+ ions in the gallosilicate, while the high-temperature (757 K) peak corresponds to the oxidative decomposition of TEBA+ cations which are strongly bonded and associated with gallium sites in the channels. A slight exotherm at ca. 1253 K corresponded to the breaking down of the structure due to degalliation or to the transformation of the pentasi! phase into a dense form. This shows that the organic TEBA+ cations are decomposed at 834 K and are removed from the zeolite framework. The TG patterns [ Figure 4 (B)] for the as-synthesized (C/N) gallosilicate samples of different crystallinity obtained at 453 K show that, as the crystallinity of the samples increased, the percentage weight loss observed on heating also increased. This behaviour arises because of the incorporation of more and more template into the samples as the crystallinity of the zeolite increased. Such an increase in crystallinity resulted in an increase in the weight loss due to decomposition of the organic cations, accompanied by a decrease in weight loss due to dehydration over the temperature range 647-834 K. This therefore suggests that the resulting products would be more hydrophobic because of the progressive incorporation of the organic template during the crystallization process. The data depicted in Figure 4 (B) also indicate that the weight loss for the amorphous sample occurred continuously over the temperature range 345-750 K.
Both the weight loss and the magnitude of the corresponding thermal effects were utilized to characterize the intermediate phases. Figure 5 depicts the percentage weight loss corresponding to the decomposition of the organic cations and the percentage weight loss due to dehydration, both plotted as a function of the XRD crystallinity. The weight losses due to dehydration and to decomposition of the template both exhibit a linear correlation with the degree of XRD crystallinity but an inverse relationship with each other. This allows the ratio of the weight loss due to decomposition to that due to dehydration (referred to as L hereafter) to be taken as a parameter for evaluating the degree of crystallinity of the samples. Therefore, the percentage crystallinity as evaluated by TG methods may be expressed as: % Crystallinity (TG) = L for test sample x 100 L for reference sample where the sample obtained after crystallization for 32 h was treated as the reference sample.
Sorption techniques
Low-temperature nitrogen adsorption measurements
The nitrogen adsorption isotherms for the samples under investigation exhibited different behaviours depending upon their degree of crystallinity. This is clearly seen from the data depicted in Figure 6 , where the isotherms illustrated show a very rapid uptake at low pressure followed by a plateau region at increased pressures for the case of the fully crystalline sample (S-5), but a slow and sluggish uptake with increased pressure for the samples with varying crystallinity (S-1 and S-3). The influence of the degree of crystallinity of the products on their nitrogen sorption was also studied in terms of their specific surface areas and void volumes. linear correlationship was established between the specific surface area as obtained by either the BET or the Langmuir approach and the void volume as calculated using the Dubinin-Radushkevich equation and the degree of crystallinity. However, the Dubinin void volume exhibited a direct dependence on both the BET and the Langmuir specific surface areas.
Sorption uptake of different probe molecules
The sorptive capacity at equilibrium is generally governed by the size and shape of the probe molecule and the available void volume. Figure 7 (A) depicts the sorption uptake of water, n-hexane and cyclohexane expressed in mmol/g as a function of the XRD crystallinity of the samples studied. For all the probe molecules, sorption increased considerably with an increase in the crystallinity of the samples irrespective of the characteristics of the individual sorbate molecules. However, the extent to which the sorptive capacity increased varied from sorbate to sorbate. It will be seen from the figure that the sorption capacities of n-hexane and cyclohexane exhibited a linear relationship to the crystallinity of the samples studied. For n-hexane, the high packing efficiency of its nonpolar. cylindrical molecules whose kinetic diameter is 4.2 A may contribute to this behaviour. Equally, the higher packing efficiency of n-hexane may be due to the increasingly favourable interaction of the higher number of paraffinic hydrocarbon atoms with the channel wall. In contrast, the size of the spherical cyclohexane molecule (6.2 A) is comparable to that of the straight channel (5.4 x 5.6 A) in MFI-type zeolites. Thus, the lower uptake of cyclohexane may be due to an intercrystalline steric effect imposed by the channel structure. In addition, because of its larger cross-sectional area, the cyclohexane molecule is only adsorbed preferentially at channel intersections. This may account for the lower uptake of the cyclohexane probe despite the linearity between its equilibrium sorption capacity and the crystallinity of the sample. In contrast to the two organic probe molecules studied, water is amphoteric and exhibits a complex diffusional behaviour during sorption. The preferential adsorption of water relative to n-hexane under similar conditions may be taken as a measure of the hydrophilicity of the samples studied. For this reason, the H,O/n-hexane mole ratio has been taken as a criterion for determining the trend in hydrophilicity of the samples in the present studies. The hydrophilicity expressed in terms of the mole ratio uptake of water to n-hexane for the samples S-l, S-2, S-3, S-4 and S-5 was 13.68, 4.53, 2.77, 2.85 and 3.53, respectively. This indicates that the hydrophilicity decreased rapidly up to 50% crystallization and then increased slowly as the crystallinity approached 100%. Differences in the chemical composition of the material and in the accessible void volume for the sorbate may be the cause for such a contradiction. Figure 7 (B) depicts the sorption crystallinity evaluated using different sorbate molecules as a function of the XRD crystallinity and demonstrates that only the crystallinity as estimated by n-hexane sorption exhibited linearity with the XRD crystallinity. Indeed; it is clearly evident from the figure that the crystallinity as evaluated using the n-hexane sorption data was in close agreement with the XRD crystallinity over the entire range of crystallinity. However, the totally XRD amorphous sample exhibited a slight value for the crystallinity as evaluated by n-hexane sorption, an observation which may be attributed to the inability of XRD methods to 'see' crystals below 5 nm in size (Jacobs et al. 1981) . The other sorbate probe molecules studied, i.e. water and cyclohexane, exhibited a linear correlationship with crystallinity only in the higher range ofXRD crystallinity (above 45%). Thus it may be concluded that great care should be taken in selecting the proper probe for the evaluation of the crystallinity relative to that of XRD crystallinity.
Correlation between sorption and conventional techniques Figure 8 illustrates the correlation between the crystallinity of the samples as evaluated via the sorption uptake of n-hexane and the crystallinity evaluated using different techniques such as XRD, JR, TGIDTA and N, adsorption. It is clearly evident from the figure that the crystallinity as evaluated using sorption techniques exhibited a fairly good correlation with the crystallinity as evaluated using conventional XRD methods. However, the other techniques such as JR, TGIDTA and lowtemperature N 2 adsorption failed to estimate the crystallinity either with respect to that evaluated by sorption or by XRD methods. Thus the sorption of n-hexane provides a powerful technique for monitoring the hydrothermal crystallization of Ga/ZSM-5 zeolites. % n-Hexane sorption crystallinity Figure 8 . Relationship between the % crystallinity as evaluated from n-hexane sorption data and that measured by other conventional techniques for the MFI gallosilicates studied. Science & Technology Vol. 17 No.8 1999 The degree of crystallinity as determined by XRD studies was in close agreement with the crystallinity as evaluated by n-hexane sorption methods for the intermediate phases of MFI gallosilicate during its hydrothermal synthesis. However, the crystallinity evaluated by XRD methods was slightly less than that evaluated by n-hexane sorption. Although the BET and Langmuir specific surface areas and the void volume showed increasing trends, these were not linear with the degree of crystallinity. The degree of crystallinity of the samples obtained by different techniques such as XRD, JR, TGIDTA and low-temperature N 2 adsorption also showed increasing trends with increasing crystallization time at constant temperature. The n-hexane sorbate probe showed the best fit for evaluating the crystallinity of the samples relative to the other probes studied.
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